Summary. The effects of potassium, magnesium, calcium and phosphate ions on the metabolism of ejaculated and epididymal ram spermatozoa have been studied. Respiration and fructolysis were measured and isotopically labelled fructose was used to assess the contribution of fructose oxidation to total oxygen uptake.
INTRODUCTION
The influence of the major biologically active inorganic ions on the viability and metabolism of spermatozoa has received considerable attention and the extensive literature on this topic has been reviewed recently by Salisbury & Lodge (1962) . Interactions between ions have been reported to be significant in their effects on biological systems, and in the present studies factorially designed experiments have been used to study the ions in all combinations and to gauge the importance of possible interrelationships.
A number of parameters have been measured, with a view to localizing in broad terms the sites of action of these ions in the metabolic pathways of ram spermatozoa. In particular, with the availability of 14C-labelled oxidizable substrates, it has been possible to investigate some of the factors influencing the endogenous respiration of washed spermatozoa in the presence of an exogenous substrate.
Since there are no reports of the effects of ions on the epididymal spermatozoa of the ram, the factors causing significant responses observed with ejaculated cells were subsequently examined in epididymal spermatozoa.
MATERIALS AND METHODS Semen
Ejaculated semen was collected by electrical stimulation of the ram with a bipolar rectal probe as described by Blackshaw (1954) . Epididymal spermatozoa were collected by gentle aspiration from the incised tubules of the cauda epididymis immediately after slaughter. Only samples of good initial motility were used, and care was taken to avoid sudden temperature changes during collection and handling.
Diluents
The basic diluent used in most experiments consisted of 20 mM veronal-HCl buffer (pH 7-2) and 134 mM sodium chloride. In one experiment veronal buffer was replaced by 20 mM trishydroxymethylaminomethane (tris) buffer pH 7-2. Where required potassium, magnesium and calcium were added to the diluents as chlorides and phosphate was added in the form of mono-and disodium phosphate buffer (pH 7-2). Isotonicity was maintained at 308 milliosmols per litre in all diluents by adjusting the sodium chloride content. The concentra¬ tions of the ions used in Experiment I were based partly on the levels reported for semen (White, 1958) and for both male and female genital tract secretions (Cragle, Salisbury & Muntz, 1958; Scott, Wales, Wallace & White, 1963; Olds & VanDemark, 1957) .
Uniformally labelled fructose (d-U-14C fructose from the Radiochemical Centre, Amersham, Bucks.) was added to the diluents to give a final concentra¬ tion of 6 mM and a specific activity of 5-6 pmc/pmole in the incubation medium.
Washed spermatozoal suspensions
Samples of ejaculated spermatozoa were washed by diluting the semen with two volumes of basic diluent (or in some cases with tris-buffered saline) and centrifuging for 5 to 10 min at 300 g. After 
Analytical methods
Fructose was determined by the method of Mann (1948) as modified by White (1959) , and lactate was determined by an enzymatic method, outlined by Barker & Britton (1957) .
Assay of radioactivity
In the early experiments the contents of the centre well were quantitatively removed by rinsing with C02-free water and the 14C02 absorbed was precipi¬ tated as Ba14C03 in the presence of 1 to 2 % ammonium chloride. The Ba14C03 was collected by filtration on Whatman No. 542 paper as described by Annison & White (1961) , and assayed for radioactivity with an end-window GeigerMüller tube. The counts were corrected for self absorption by the method of Hendler (1959) . In later experiments, metabolic carbon dioxide was assayed by liquid scintillation techniques as described by Buhler (1962) (Cochran & Cox, 1957 uptake, the addition of potassium increased the contribution of fructose oxida¬ tion at the expense of endogenous respiration. Potassium increased fructolysis but the effect was less in the presence of phosphate. Phosphate itself again significantly stimulated both oxidative and fructolytic pathways. The influence of phosphate ion concentration on the metabolism of washed J. C. Wallace and R. G. Wales ejaculated and epididymal spermatozoa was tested on veronal-buffered diluents with and without the addition of 3 mM potassium ions and the results, with summaries of the analyses of variance, are presented for the oxidative pathways in Table 6 and for the aerobic fructolysis in Table 7 . Although the low level of potassium in the diluent had no effect on the oxidative metabolism of ejaculated spermatozoa, it significantly stimulated the endogenous respiration of epididymal cells. This increase was reflected in turn in the total oxygen Values are expressed as pínoles/ 10s cells and the number of replications is given in parentheses.
the response was only significant in the total oxygen uptake. As before the fructolysis of both ejaculated and epididymal cells was significantly increased by the addition of 20 mM phosphate. In the preceding experiments the effect of potassium on washed spermatozoa has been studied under a variety of conditions. To summarize these effects, the results in the presence of potassium have been calculated for each experiment as a percentage of those in the potassium-free diluents and these figures are J. C. Wallace and R. G. Wales presented in Table 10 . There were clearly some differences between ejaculated and epididymal spermatozoa in the metabolic pathways stimulated by this cation. Potassium (15 mM) stimulated fructose oxidation by ejaculated sperm¬ atozoa but did not increase the utilization of endogenous pathways. On the other hand the endogenous respiration of epididymal spermatozoa was markedly stimulated by all levels of potassium while fructose oxidation was not affected. There was also a greater effect of potassium on fructolysis by ejaculated than by epididymal spermatozoa. Values are xpressed as pmoles/108 cells and the number of replications is given in parenth8ses.
The severe depression in the oxidation of compounds other than fructose caused by washing (Table 1) may be due to damage to the cells' endogenous respiration, or to removal of the seminal plasma. The presence of seminal plasma could affect the respiratory pathways either by the protective effect of proteins (or other macro-molecules) or by the provision of alternative oxidizable substrates. The final experiment was designed to test these possibilities and the results are presented in Table 11 . Aliquots (0-3 ml) of washed spermatozoan suspension were added to 0-6 ml aliquots of basic diluent, 50% (v/v) 
DISCUSSION
The effects of potassium, phosphate ions and washing on the metabolism of ram spermatozoa were found to be highly significant. Magnesium and calcium had much less effect, and, although there are many reports of the interrelation¬ ship of ions in biological systems, few significant interactions were demonstrated in the present studies.
These results support the reports of earlier workers that potassium increases the metabolism and motility of spermatozoa, especially after washing (Lardy & Phillips, 1943; Blackshaw, 1953a, b; White, 1953a, b, Although it has been claimed that barbiturates uncouple oxidative phosphorylation (Brody, 1955) , the results of Messer (1958) and of Aldridge & Parker (1960) (Macleod & Onofrey, 1954) . With regard to spermatozoa, both tris and veronal have been found suitable as buffers for semen diluents (Blackshaw, 1953a; Wales & White, 1958c; Davis, Bratton & Foote, 1963) . Tris has also been found to reduce the depressing effect of high concentrations of potassium during the chilling of ram spermato¬ zoa from 30 to 0°C (O'Shea & Wales, 1964) . In the present studies, tris-buffered diluents were slightly superior to those buffered with veronal. However, there was no indication that the presence of tris modified the effects of potassium at the levels used.
Early studies of the endogenous metabolism of spermatozoa could only be made after removing exogenous substrate by washing. Scott, White & Annison (1962) There were some differences in the effects of potassium on the oxidative metabolisms of ejaculated and epididymal spermatozoa but, as concluded by White & Wales (1961) , the metabolism of these two types of cell is generally similar.
